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Growth  of  Pseudomonas  oleovorans  GPol  in  continuous  culture  containing  a  bulk  n-octane  phase  resulted  in 
changes  of  the fatty  acid  composirion  of  the  membrane  lipids.  Compared  to  citrate-grown  cells,  the  ratio  of C,, 
to  C,,  fatty  acids  and  the  ratio  of  unsaturated  to  saturated  fatty  acids  increased  as a  result  of  growth  on  octane. 
Trans-unsaturated  fatty  acids,  which  are  rarely  found  in  bacteria,  were  formed  during  continuous  growth  of  P. 
oleovorans  on  octane.  Moreover,  the  mean  acyl  chain  length  and  unsaturated  fatty  acids  also  increased  as  the 
growth  rates  increased  both  in  octane-grown  and  citrate-grown  cells.  Differential  scanning  calorimerry  mea- 
surements  of  extracted  lipids  showed  the  transition  temperature  of  membrane  lipids  from  octane-grown  cells 
increased  from  about  24°C  to  32°C  as  the  growth  rate  increased,  whereas  cells  grown  on  citrate  showeti  a 
constant  transition  temperature  of about  6°C  at  all  growth  rates  tested,  indicating  a  decrease  of  membrane  lipid 
jluidity  in  octane-grown  cells.  Because  alkanes  are  known  to  increase  bilayerjluidity  by  intercalating  between 
lipid  fatty  acyl  chains,  the  increased  transition  temperature  of  the  lipids  of  cells  grown  on  octane  ma),  be  a 
physiological  response  of  P.  oleovorans  to  compensate  for  the  direct  effects  of octane  on  its cellular  membvanes. 
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Introduction 
Pseudomonas  oleovorans  is capable  of  oxidizing  aliphatic 
compounds.  It  can grow  in two-liquid-phase  systems using 
medium  chain length  (C,-C,,)  alkanes or alkenes as the sole 
energy  and carbon  source. 1 The alkane hydroxylase  system, 
which  catalyzes the  hydroxylation  of  alkanes  and  alkenes, 
consists of  three  components:  a cytoplasmic  membrane  al- 
kane hydroxylase , rubredoxin,  and rubredoxin  reductase. 2-5 
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The  enzyme  system  converts  aliphatic  compounds  to  oxi- 
dized  intermediates,  some of  which  are useful synthons.5-8 
To  accumulate  these compounds  efficiently,  a high  activity 
of  the  alkane  hydroxylase  systems is required  over  a long 
period  of  time.5  This  is difficult  to achieve in batch cultures 
containing  alkanes as a separate phase. Previous  work  from 
our  laboratory  has shown  that  when  a culture  of  P.  oleo- 
vorans  enters  the  stationary  phase,  the  cell  membrane  is 
damaged  and  the  cells lose their  viability  and  enzyme  ac- 
tivity  as a result of  the presence of  the apolar  phase.6 How- 
ever,  when  the  same cells  are grown  in  a continuous  cul- 
ture,  the  cells  can  maintain  their  mevbrane  structure  and 
viability  for  at least 200-300  h at growUh rates between  0.05 
h-  ’ and 0.40  h-‘.9  Apparently,  as long  as P.  oleovorans  is 
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growing  to  some  extent,  it  maintains  its  resistance to  the 
apolar  phase. 
Electron  microscopy  of  P.  oleovoruns  cells grown  under 
a variety  of  conditions  suggests  that  apolar  solvents  have 
effects  on  the  cytoplasmic  and  outer  membranes  of  these 
cells.6*9 It  is likely,  therefore,  that  the resistance of  P.  oleo- 
voruns  to  apolar  solvents  is  in  some  way  related  to  the 
structure  and physiological  properties  of  the  membranes  of 
cells grown  under  different  conditions. 
Microorganisms  can  alter  fatty  acid  compositions  of 
membrane  lipids  to  adapt  to  changing  environmental  con- 
ditions.tSr3  A well-known  example  is the  response of  mi- 
croorganisms  to  changes  of  growth  temperature:  At  higher 
temperature,  the  saturated  fatty  acid content  is increased to 
maintain  a constant  membrane  fluidity.  lo Microorganisms 
also change  their  membrane  lipid  composition  in  response 
to  exposure  to  organic  solvents.  Thus,  changes  of  mem- 
brane  composition  on  exposure  to  alcohol  and  phenol  are 
believed  to be important  in tolerance  to  these solvents. 12-14 
To begin  to understand  the role of  the cell membranes  in 
cell survival  in two-liquid-phase  systems,  we examined  the 
composition  and  properties  of  the  membrane  lipids  of  P. 
oleovoruns  during  continuous  growth  in  two-liquid-phase 
media  at different  dilution  rates (equivalent  to  the  growth 
rates). For comparison,  we did  similar  experiments  for  cells 
growing  continuously  in  aqueous  media,  with  citrate  as a 
carbon  source. 
Materials  and methods 
Bacterial  strain  and  growth  conditions 
Pseudomonas  oleovoruns  GPol  was  used  in  all  experiments, and 
all continuous culture experiments described  subsequently  were 
carried  out  using  equipment  and  conditions  developed  and  opti- 
mized  previously.6~9~‘5~‘6  The  mineral  E,-medium  contained  3.5  g 
Na,NH,PO,  . 4H,O,  7.5  g  K,HPO,  .  3H,O,  3.7  g  KH,PO,, 
0.246  g  MgSO,  . 7H,O,  and  1  ml  MT  (microelements)  stock 
solution  1-r.  The  MT  stock  solution  contained  2.78  g 
FeSO,  . 7H,O,  1.98  g  MnCl,  . 4H,O,  2.81  g  CoSO,  . 7H,O, 
1.47  g  CaCl,  .  2H,O,  0.17  g  CuCl,  .  2H,O,  and  0.29  g 
ZnSO,  . 7H,O  1-r  1~  HCl.  E-medium  consisted  of  E,-medium 
and  0.2%  (w/v)  citric  acid,  and  the  pH  was  adjusted  to  7.0  by 
adding  NaOH.  Mineral  medium,  MgSO,  . 7H,O,  MT,  and  citrate 
were  sterilized  separately.  Octane  was  added  directly  to  the  me- 
dium  without  further  sterilization  during  batch  cultivation. 
To  prepare  precultures,  1  ml  frozen  stock  was  inoculated  into 
a  250-ml  Erlenmeyer  flask  with  50  ml  medium.  The  cells  were 
grown  overnight  in  a  shaker  incubator  at  200  rpm  and  30°C.  For 
octane  cultivation,  2%  (v/v)  octane  was  added  to  E-medium  to 
induce  the  alkane  hydroxylase  system.  For  citrate  cultivation,  we 
used  E,-medium  with  2.1%  (w/v)  trisodium  citrate  dihydrate. 
Continuous  cultures 
All  continuous  growth  experiments  were  performed  in  a  1000  ml 
tank  fermenter  with  1000  rpm  stirring  speed  and  175-200  cm3 
-’  air-flow  rate  as described  previously.9  The  aqueous  me- 
Em  contained  1.0  g  KH,PO,,  1.1  g  (NH,),SO,,  0.246  g 
MgSO,  . 7H,O,  1  ml  Fe’+  stock  solution  (1  1 Fe2+  stock  con- 
tained  2.78  g  FeSO,  . 7H,O  per  liter  in  1~  HCl),  1  ml  modified 
MT,  and  0.5  ml  polypropyleneglycol  2000  as antifoam  1-r.  The 
modified  MT  stock  solution  contained  (per  liter  water):  10  g  eth- 
ylenediaminetetraacetic  acid  disodium  dihydrate  (EDTA  disodi- 
urn),  the  MT  salts  listed  previously  in  the  amounts  mentioned 
except  for  FeSO,  . 7H,O,  all  at  a  final  pH  of  4.0.  Either  15% 
(v/v)  octane  or  2.1%  (w/v)  trisodium  citrate  dihydrate  was used  as 
the  carbon  source  in  octane  cultivation  or  citrate  cultivation,  re- 
spectively.  The  pH  of  the  culture  was  maintained  at  7.0  by  the 
addition  of  2~  NaOH  or  4N  H,SO,.  The  total  culture  volume  was 
maintained  at  about  650  ml,  as  described  earlier.’  The  cultures 
were  grown  at  30°C  under  ammonium-limitation  at  a  range  of 
dilution  rates  (growth  rates). 
During  two-liquid-phase  continuous  cultivation,  the  aqueous 
and  octane  phases  were  added  separately  in  a  ratio  of  85/15  (v/v). 
We  added  octane  in  a  sterile  manner  by  pumping  it  to  the  fer- 
menter  through  a  0.2~pm  filter.  To  prevent  n-octane  stripping 
from  the  culture,  the  air  flow  was  presaturated  with  n-octane  by 
leading  it through  a thermostated  bubble  column  (30°C)  containing 
n-octane.  The  dilution  rates  refer  to  the  sum  of  aqueous  flow  and 
octane  flow  divided  by  the  total  working  volume. 
Continuous  cultures  were  established  by  transferring  a  precul- 
ture  to  the  fermenter  to  an  initial  cell  density  of  about  0.1  mg  ml-  I 
cell  dry  weight.  The  desired  dilution  rate  was  set  when  the  cell 
density  had  reached  about  0.8-l  .O  mg  ml-  ’  cell  dry  weight.  At 
dilution  rates  CO.30  h-  I,  only  polypropyleneglycol  2000  was 
added  to  prevent  foam  formation.  At  higher  dilution  rates,  20% 
(v/v)  dimethylpolysiloxane  (Bufa,  Uitgeest,  The  Netherlands)  was 
added  to  the  cultures  as extra  antifoam  at a  rate  of  0.02550.25  ml 
h-  I, using  a  peristaltic  pump  connected  to  a  time  switch. 
For  a given  dilution  rate,  the  culture  generally  reached  a  steady 
state  after  three  residence  times.  The  cell  density  was  then  fol- 
lowed  for  another  two  residence  times  to  ascertain  that  it  remained 
constant;  during  this  time,  two  to  five  samples  of  culture  broth  (2 
ml)  were  taken  and  freeze-dried.  After  sufficient  samples  had  been 
collected,  another  dilution  rate  was  set and  a  new  set of  samples 
was  collected  after  the  cell  density  had  become  constant.  The 
freeze-dried  samples  were  used  to  determine  the  fatty  acid  com- 
position.  For  lipid  extraction  and  differential  scanning  calorimetry 
(DSC)  measurements,  about  300  ml  of  the  culture  broth  was  col- 
lected  continuously  in  an  ice-cooled  flask  from  the  outlet  of  the 
fermenter.  Cell  densities  were  determined  as  described  previ- 
ously.” 
Extraction  of  lipids 
Cell  lipids  were  extracted  from  whole  cells  by  chloroform- 
methanol  (1:2  v/v)  as described.  I8 The  resulting  chloroform  layer 
was  evaporated  to  dryness  under  a  stream  of  nitrogen.  The  lipid 
film  was dissolved  in  chloroform-methanol  (2:1  v/v)  and  stored  at 
-  70°C. 
Determination  of fatty  acids 
Whole  cells  and  extracted  lipids  were  saponified  and  methylated 
according  to  the  method  of  Marvin  et al. l9  The  methyl  esters  were 
analyzed  by  gas-liquid  chromatography  (GLC)  using  methyl 
nonanoate  as an  internal  standard.  Different  fatty  acids  were  iden- 
tified  by  comparing  with  known  standards.  GLC  analysis  was 
performed  on  a  25-m  CP-SilSCB  capillary  column  (Chrompack, 
The  Netherlands)  The  column  temperature  program  started  at 60°C 
for  2  min  and  increased  at  a  rate  of  25°C  min-  r for  4  mitt,  after 
which  it  was raised  to  280°C  at a  rate  of  2.5”C  min-  ‘.  Fatty  acid 
contents  were  expressed  as a  percentage  (mol/mol)  of  total  lipid 
fatty  acids.  All  data  points  were  based  on  fatty  acid  determinations 
of  at  least  two  culture  samples  taken  at a  given  dilution  rate.  The 
standard  deviation  among  such  data  never  exceeded  an  absolute 
2%.  Because  in  a  series  of  earlier  experiments  the  fatty  acid  com- 
position  of  the  extracted  cellular  lipids  as well  as that  of  the  ex- 
tracted  membrane  lipids  were  identical  to  that  obtained  by  analysis 
of  whole  cells,  the  latter  analysis  was  used  to  determine  the  mem- 
brane  lipid  fatty  acid  compositions  described  subsequently. 
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Differential  scanning  calorimetry  (DSC) 
Samples were prepared as follows:  the lipid  solution (see Lipid 
extraction) was dried under a stream of nitrogen and solvent traces 
were removed under vacuum until a constant weight was attained. 
The lipid film  was suspended  in ethylene glycol-water (1: 1 v/v) to 
a concentration of  about 0.1  g ml-  I. The lipid  phase transition 
temperature was determined with  a Perkin-Elmer DSC 7 appara- 
tus. Samples were heated at 5°C min-  ’ from  -  30°C to  + 50°C 
and cooled at the same rate after stabilizing for  4 min.  Samples 
were scanned  twice and the data were taken from the second  scan. 
DSC scans  of the standard lipid dimyristoyl-phosphatidylglycerol 
(DMPG) (a gift  from  Dr.  T.  A. A.  Fonteijn,  Organic Chemistry 
Department, University of Groningen) showed that the transition 
temperature was 26 ?  0.9”C under these conditions. 
Results 
Lipid  fatty  acid  composition  of  P.  oleovorans  during 
steady-state  growth  on  n-octane  in  a 
two-liquid-phase  medium 
The  composition  of  membrane  lipid  fatty  acids in P.  oleo- 
voruns  was determined  after  growth  of  the cells  on octane 
for  about  200-300  h  at low  (p,  =  0.065  h-  ‘) and  high  (p 
=  0.43  h-  ‘) growth  rates. The higher  cell density  observed 
at the low  growth  rate  was due to the  formation  of  substan- 
tial  amounts  of  poly-(R)-hydroxyalkanoate  (PHA),  an  in- 
tracellular  polyester  that  accumulates  when  P.  ofeovoruns 
grows  under  ammonium-limitation.9  The  fatty  acids found 
in  the  membrane  lipids  of  P.  oleovorans  included  tetrade- 
canoic  acid  (14:0),  hexadecanoic  acid  (16:0),  9-cis- 
hexadecenoic  acid  [ 16: 1  (SC)],  9-trans-hexadecenoic  acid 
[ 16: 1(9t)],  cis-9, lo-methylene-hexadecanoic  acid  (17:cy), 
octadecanoic  acid  (18:0),  11 -cis-octadecenoic  acid  [ 18: 
l(1 lc)],  and  11-truns-octadecenoic  acid  18:l(llt).  Figure  1 
shows  that  the  fatty  acid  composition  and  the  cell density 
remained  constant  during  the  entire  cultivation  for  both 
growth  rates as expected,  indicating  that  these continuous 
two-liquid-phase  cultures  provided  stable fatty  acid compo- 
sition  data.  The  total  amount  of  octadecenoic  acid  (18: 1) 
was  much  higher  in  rapidly  growing  cells  than  in  slowly 
growing  cells,  at the  expense  of  hexadecanoic  acid  (16:O) 
and hexadecenoic  acid  (16:1),  which  were  present in  lower 
amounts  in  rapidly  growing  cells.  Fatty  acids  14:0,  17:cy, 
and  18:O never accounted  for  more  than 5%  in either  slowly 
or rapidly  growing  cells,  and  are therefore  not  presented  in 
Figure  I. 
Efsects  of  the  growth  rate  on  the  lipid  fatty  acid 
composition  of  P.  oleovorans  during  continuous 
growth  on  n-octane 
Figure  2 shows the fatty  acid composition  of  the membrane 
lipids  of  P.  oleovoruns  during  continuous  growth  on  n-oc- 
tane.  Between  p,  =  0.072  h-l  and  TV  =  0.30  h-l,  18:l 
increased  from  about  27  to  37%,  whereas  16:0  and  16: 1 
decreased  from  33  to  30%  and  32  to  27%,  respectively. 
From  t.~ =  0.30  h-l  to  p,  =  0.46  h-l,  18:l  dropped 
slightly,  16:l  rose  slightly,  and  16:0  remained  unchanged 
(Figure  2a). Fatty  acid 18:0 fluctuated  around  4%,  fatty  acid 
Figure  1  Major  fatty  acids  of  Pseudomonas  oleovorans  during 
steady-state  growth  at  D  =  0.43  h-l  and  D  =  0.065  h-l.  The 
cells  were  grown  continuously  at  30°C  in  a  two-liquid-phase  cul- 
ture  consisting  of  minimal  salts  medium  and  about  15%  n-oc- 
tane.  Nitrogen  was  the  limiting  medium  component.  a:  Cell  dry 
weight  in  milligrams  per  milliliter.  b-d:  Fatty  acid  composition. 
.,D=O.O65h-‘;0,D=0.43hm’ 
17:cy decreased from  2%  to  <0.4%,  and  14:0  was present 
in trace amounts  only  (~0.3%)  (data not  shown). 
It  is interesting  that  rruns-unsaturated  fatty  acids,  which 
have not  been found  in most bacteria,  accounted  for  a con- 
stant  10% of  the total fatty  acids for  16: 1(9t),  whereas  18: 1 
(1 lt)  increased  linearly  from  2%  at the lowest  to  8%  at the 
highest  growth  rate (Figure  26).  The  c&isomers  remained 
the  major  constituents:  18: l( 1 lc)  accounted  for  23-31%, 
whereas  16: 1  (SC) accounted  for  17-22%. 
These  changes  resulted  in  increases  of  the  mean  acyl 
chain  length  and  overall  unsaturated  fatty  acids content  of 
the  membrane  lipids  (see Figure  4).  The  C,,/Ct6  ratio  in- 
creased from  0.45  to  about  0.75  at  growth  rates between 
)I  =  0.07  h-l  and  p,  =  0.30  hh’,  and  then  decreased to 
0.67  as the  growth  rate  reached  a maximum  of  TV  =  0.46 
h - ’ . The  degree of  unsaturation  increased  from  62 to  66% 
as the  growth  rate  increased.  This  slight  increase  was en- 
tirely  due to  an increase in  the  truns-isomers. 
Lipid  fatty  acid  composition  of  P.  oleovorans  during 
continuous  growth  in  an  aqueous  medium 
To  compare  these results to those seen for cells grown  in an 
aqueous  medium,  P.  oleovoruns  was  grown  continuously 
on citrate.  The membrane  lipids  of  the cells contained  fatty 
acids  14:0,  16:0,  16:1(9c),  17:cy,  18:0,  and  18:l(llc).  In 
contrast to octane-grown  cells, citrate grown  cells contained 
little  or  no  truns-fatty  acids: The  amotmt  of  16: l(9t)  never 
exceeded  1.5%  and  no  18: l(l1  t)  wag  detected.  Figure  3 
shows that  major  fatty  acid  16:0 decreased from  44 to  36%, 
whereas the other  major  fatty  acid,  16: 1, increased from  33 
to  41%  as the  growth  rate increased  from  TV  =  0.045  h-l 
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Figure  2  The  effects  of  growth  rate  on  the  fatty  acid  composi- 
tion  of  octane-grown  Pseudomonas  oleovorans.  The  ceils  were 
grown  at  30°C  in  continuous  culture  with  n-octane,  as  described 
for  Figure  1.  Samples  were  taken  during  successive  steady 
states  for  fatty  acid  assays.  Different  data  points  are  taken  from 
three  to  four  different  independent  continuous  cultures.  The 
fatty  acids  that  accounted  for  ~2%  of  total  fatty  acids  are  not 
shown.  a:  Major  saturated  (16:0,  18:O)  and  unsaturated  fatty 
acids  (16:1,  18:l).  b:  Distribution  of  cis-  and  rrans-unsaturated 
fatty  acids 
to  t.~ =  0.35  h-l.  11-cis-Octadecenoic  acid  [18:l(llc)], 
which  was present  in about  half  the  amount  seen in octane- 
grown  cells (Figure  2a),  increased  from  8 to  20%.  Cyclo- 
propanoic  fatty  acid  (17:cy),  although  present  in  higher 
amounts  than  in  octane-grown  cells,  decreased  from  8  to 
0.6%  as the growth  rate increased.  Octadecanoic  acid (18:0) 
and  tetradecanoic  acid  (14:0)  remained  below  2%  at  all 
growth  rates (data  not  shown). 
The changes of fatty  acid composition  resulted in a linear 
increase  of  the  mean  acyl  chain  length  with  increasing 
growth  rates.  The  absolute  levels of  the  C&t6  ratio  were 
much  lower  in  citrate-grown  cells  than  in  octane-grown 
cells.  (Figure  4~).  The  unsaturated  fatty  acid  content  of 
citrate-grown  cells was also lower  than that of  octane-grown 
cells  (Figure  4b).  Here,  however,  the  differences  were 
0.1  0.2  0.3 
Dilution  rate  (h-l) 
0.4 
Figure  3  The  effects  of  growth  rate  on  the  fatty  acid  composi- 
tion  of  Pseudomonas  oleovorans  grown  continuously  in  an 
aqueous  minimal  medium  containing  2.1%  trisodium  citrate  di- 
hydrate  as  the  carbon  source.  Different  data  points  are  taken 
from  three  different  independent  continuous  cultures 
smaller,  and  at  higher  growth  rates  the  unsaturated  fatty 
acid content  approached  that  of  octane  grown  cells. 
DifSerences  in the transition temperature  of the 
membrane  lipids between  octane  and citrate-grown 
P.  oleovorans 
Compared  to  the  citrate-grown  cells,  growth  of  P.  oleo- 
voruns  on  octane  resulted  in  an  increase of  the  mean  acyl 
chain  length  (Figure  4a),  which  was expected  to  increase 
the transition  temperature  of  the membrane  lipids,  whereas 
the higher  ratio  of  unsaturated  to  saturated  fatty  acids (Fig- 
ure 4b)  was expected  to  do the  opposite.  To  determine  the 
net effect  of  the observed  changes,  we  measured  the phase 
transition  temperature  of  the  isolated  lipids  by  DSC. 
Pseudomonas  oleovoruns  was grown  in continuous  cul- 
tures with  15% (v/v)  octane  or  2.1%  (w/v)  citrate  at slow, 
medium,  and  fast growth  rates.  The  highest  growth  rate  in 
the  aqueous  medium  was  set to 0.29  h-l  rather  than  0.40 
h-l  because the  p.,,,= of  P.  oleovoruns  during  growth  in 
citrate  medium  is 0.39  h-  I. 
Figure  5  shows  typical  DSC  thermograms  of  extracted 
lipids  from  these steady-state  cultures.  In  general,  the  ob- 
served lipid  phase transition  occurred  over a very wide  tem- 
perature  range.  When  the  cells were  grown  on  octane,  the 
transition  started below  and finished  above the growth  tem- 
perature.  There  was only  one  obvious  transition  peak,  the 
position  of  which  varied  with  the  growth  rate.  When  lipids 
were  isolated  from  cells  grown  on  citrate,  the  lipid  phase 
transition  occurred  almost  completely  below  the  growth 
temperature.  There was a major  transition  peak at about  6°C 
with  an extended  shoulder  around  24°C. 
The transition  temperatures  of  lipids  from  cells grown  at 
different  dilution  rates  on  octane  or  citrate  are  shown  in 
Figure  6.  For  octane-grown  cells,  the  lipid  transition  tem- 
perature  increased as the growth  rate increased.  For citrate- 
grown  cells, the major  lipid  transition  temperature  remained 
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Figure  4  Changes in  fatty  acid  mean  length  and  degree  of  un- 
saturation  with  growth  rates  for  both  octane-  and  citrate-grown 
Pseudomonas  oleovorans.  a:  Ratio  C,$C,,  =  (18:l  +  18:0)/ 
(16:l  +  16:O).  b:  Percentage  of  unsaturated  fatty  acids  relative 
to  total  lipid  fatty  acids.  17:cy  was  counted  as  a  k-unsaturated 
fatty  acid 
constant  at 6°C at different  growth  rates, whereas the shoul- 
der fluctuated  slightly  with  a maximum  between  22.7”C  and 
26.3”C. 
Discussion 
We  found  that  the  fatty  acid  composition  of  the  membrane 
lipids of P.  ofeovoruns  is affected  by the growth  rate during 
continuous  cultivation.  For  citrate  grown  cells,  the  mean 
acyl chain  length  as well  as the  c&unsaturated  fatty  acids 
increased  when  the  growth  rate  increased.  These  changes 
did  not  alter  the  transition  temperature  of  the  membrane 
lipids,  indicating  that  the increase of  membrane  lipid  fluid- 
ity  that  might  be  expected  from  an  increased  content  of 
&-unsaturated  fatty  acids was completely  compensated  for 
by the simultaneous  increase of the mean  acyl chain  length. 
When  the cells were  grown  in the presence of  n-octane,  the 
transition  temperature  of  the  membrane  lipids  increased  as 
the growth  rates increased.  This can be accounted  for  by the 
increase of the mean acyl chain length,  which  was not com- 
pensated for  by  a corresponding  increase of  c&unsaturated 
fatty  acids.  Instead,  there  was  an  increase  of  wans- 
unsaturated  fatty  acids (Figure  4).  Runs-unsaturated  fatty 
acids resemble  saturated  fatty  acids in that  they  possess an 
-1s  -5  5  15  25  3s  45 
Temperature  (“C) 
Figure  5  Differential  calorimetry  scans  of  isolated  lipids  of 
Pseudomonas  oleovorans.  About  60  ~1  of  q  lipid  suspension  (0.1 
g  rnlk’)  was  scanned  from  -30°C  to  5OK  at  5°C  min-’  and 
cooled  at  the  same  rate.  a:  Thermogram  of  lipids  from  P.  oleo- 
vorans  cells  grown  in  15%  (v/v)  n-octane  at  p  =  0.093  h--l.  b: 
Thermogram  of  lipids  from  P.  oleovorans  cells  grown  in  2.1% 
(w/v)  trisodium  citrate  dihydrate  at  k  =  0.098  hm  1 
extended  conformation  and  small  molar  volume.20  There- 
fore,  the  effect  of  converting  c&unsaturated  fatty  acids to 
trans-unsaturated  fatty  acids is similar  to  that  seen for  the 
substitution  of unsaturated  fatty  acids by saturated  fatty  ac- 
ids,  resulting  in  a decrease of  the menibrane  lipid  fluidity, 
although  the effect  of the former  convetision is less than that 
of  the  latter.‘O  In  contrast  to  the  unsaturated-to-saturated 
conversion,  the conversion  of  cis-to-mans  fatty  acids is in- 
dependent  of  de novo  synthesis of  lipids  and  proteins.21-23 
In our studies,  the positions  of the rruntiouble  bonds were 
always  identical  to  those  of  the  cis-dauble  bond  [16:1(9t) 
versus 16: l(9c)  and  18: l( 11  t) versus 18: l( 1 lc)],  suggesting 
that  there  is  simple  isomerization  of  cis-  to  rruns-double 
bonds.  Thus,  P. oleovoruns  may be capable of  adjusting  its 
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Figure  6  Effects  of  growth  rate  on  the  major  lipid  transition 
temperature  of  Pseudomonas  oleovorans  in  different  media, 
based  on  differential  scanning  calorimetry  measurements 
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membrane  fluidity  meticulously  and rapidly  by conversion 
of  c&unsaturated  fatty  acids to  trans-isomers. 
Changes in  the fatty  acid composition  of  the lipids  of  P. 
oleovorans  during  growth  on  octane  may  be a response of 
the cells to  growth  in the presence of  n-alkanes.  n-Alkanes 
are taken up by membrane  lipid  bilayers  by dissolving  in the 
hydrophobic  regionz4  and  n-alkanes  with  6 to  12 carbons 
have been  shown  to  decrease the  transition  temperature  of 
membrane  lipids. 25 Therefore,  during  growth  in  the  pres- 
ence of  octane,  P.  oleovoruns  may  alter the composition  of 
its fatty  acids to compensate  for  the  increase of  membrane 
fluidity  caused by the  intercalation  of  octane  in  lipid  bilay- 
ers.  Apparently,  P.  oleovorans  cells do  so not  only  by  in- 
creasing the mean acyl chain  length  of  the membrane  lipids, 
but  also by  increasing  the  ratio  of  bans-  to  &-unsaturated 
fatty  acids. 
The  strategy  to  modulate  membrane  fluidity  via  isomer- 
ization  of  cis- to  trans-unsaturated  fatty  acids has recently 
been  observed  in  several  genera.20v2’ Diefenbach  et  al.*” 
reported  that  Pseudomonas  oleovorans  uses this  route  to 
modify  its membrane  fluidity  when  cell growth  is partly  or 
completely  inhibited,  conditions  under  which  neither  the 
ratio  of  unsaturated  to  saturated  fatty  acids,  nor  the  mean 
acyl chain  length  of  the  membrane  lipids  can  be  changed 
sufficiently  to  attain  the  desired  change  of  membrane  flu- 
idity,  because  of  a  decrease  of  phospholipid  and  protein 
synthesis. In  the experiments  reported  here,  the  conversion 
of  cis- to  trans-fatty  acids  cannot  be  triggered  by  growth 
inhibition  because  P.  oleovoruns  grows  at least as well  on 
octane  as  on  citrate,  and  the  cis-to-trans  conversion  in- 
creases with  growth  rate.  This  suggests  that  each  of  the 
three  strategies-increasing  chain  length,  altering  the  de- 
gree of  saturation,  and  cis-to-truns-isomerization-is  used 
to modulate  the  fluidity  of  the  membranes  of  cells growing 
on octane. 
Finally,  in contrast  to growth  in aqueous media,  when  P. 
oleovorans  was grown  in  the  presence of  octane,  two  sep- 
arate  processes occurred.  First,  the  cell  membranes  were 
exposed to  a bulk  apolar  octane  phase.  Second,  alkane  hy- 
droxylase,  which  is located  in  the  cytoplasmic  membrane, 
was induced  to  use octane  as carbon  source.  Because both 
organic  solvents  and  membrane  proteins  can  influence 
membrane  lipid  composition  and properties,‘3,24,26  we  are 
currently  examining  whether  the  differences  in  the  lipid 
fatty  acid  composition  and fluidity  between  octane  and ci- 
trate  grown  cells  is  due  to  the  effects  of  octane  on  the 
membrane  as an  organic  solvent,  as an  inducer  of  alkane 
hydroxylase,  or both. 
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